Gastric ulcer affects people worldwide, and its inefficacy and recurrence have fueled the search for new therapeutic strategies. Despite the well-known use of allantoin in medicines and cosmetic products, its effect has not yet been studied with regard to gastric ulcer. Hence, the aim of the present study was to explore the pharmacomechanistic efficacy of allantoin against commonly harmful agents that cause injuries to the stomach. Ethanol, indomethacin, and stress-induced gastric ulcer models were adopted, in addition to pylorus ligature, a quantification of vascular permeability, glutathione (GSH), gastric adhered mucus, prostaglandin (PGE 2 ), pro-inflammatory cytokines levels, myeloperoxidase (MPO), and catalase (CAT) activities. The gastric lesions were examined by gross, histological, and ultrastructural features. The results showed that treatment with allantoin (60 mg/kg, per oral) reduced the gastric ulcer formation in all models. Furthermore, allantoin reduced the parameters of gastric acid secretion and attenuated both the vascular permeability and MPO activity. The levels of pro-inflammatory cytokines were also reduced, accompanied by a restoration of CAT activity and GSH levels. Notably, allantoin treatment preserved the gastric-adhered mucus and PGE 2 levels after ethanol administration. Microscopic and ultrastructural analysis revealed that allantoin maintained tissue integrity and prevented morphological changes in cells caused by ethanol. In summary, we demonstrated for the first time that allantoin possesses gastroprotective activity through anti-inflammatory, anti-oxidative, antisecretory, and cytoprotective mechanisms. The antisecretory and cytoprotective mechanisms are probably associated with an increase in PGE 2 levels.
Introduction
Peptic ulcer disease (PUD) is a benign lesion that affects people worldwide and can be defined as a rupture of the mucosa that penetrates the muscle layer and forms a cavity surrounded by acute and chronic inflammation (Najm, 2011; Aro et al., 2006) . The pathophysiology of gastric ulcer suggests that the lesion occurs at a site where the mucosa is exposed to aggressive factors, such as acid and pepsin. This exposure may result from an imbalance between the damaging agents and the defensive lines present in the gastric mucosa (Bayir et al., 2006) . The luminal acid, reactive oxygen species, and inflammatory cytokines are constantly injuring the gastric mucosa and can lead to tissue damage (Bhattacharyya et al., 2014) . In the expectation of opposing various injurious agents, the gastric tissue has several defense mechanisms, such as the presence of the gastric mucus barrier, antioxidant pathways, and adequate blood flow in the region (Wallace, 2008) . However, in the presence of luminal overload, these abovementioned protective factors may become ineffective in protecting the mucosa against injurious agents.
Thus, it is necessary have compounds that can restore gastroprotection pathways and attenuate the aggressive agents of the gastric tissue. Previous works have revealed the gastroprotective activity of the ethanolic root extract of Memora nodosa . The same plant extract also exhibited wound healing, anti-inflammatory, and antinociceptive effects, and it was suggested that allantoin would be the active component of this extract, responsible for the pharmacological activities (Tresvenzol et al., 2013; Florentino et al., 2016) . Allantoin is a purinic heterocyclic derivative that is widely used, primarily because of its tissue-repair properties and because it is known to be safe and nontoxic (Araújo et al., 2010; Becker et al., 2010; Madrazo-Jiménez et al., 2016) . The literature reports other biological effects besides the wellknown topical use of allantoin, including antihypertensive (Chen et al., 2014) , anti-inflammatory (Lee et al., 2010; Florentino et al., 2016) , and antinociceptive effects . In addition, allantoinrelated complexes demonstrated antiulcerogenic activity in previous works (Cahen and Clement, 1962; Pessonnier, 1962, 1963) , although the effect of isolated allantoin on gastric ulcers has never been studied.
Allantoin can be isolated not only from M. nodosa roots, but also from many other plant species, such as Symphytum officinalis (comfrey) (Stickel and Seitz, 2000) . Topical comfrey preparations have a longstanding tradition and are a valuable therapy option to relieve pain, inflammation, and swelling of muscles and joints (Staiger, 2013) .
Here we verify whether allantoin would be the compound responsible for the gastroprotective effect already seen with the Memora nodosa extract and explore the pharmaco-mechanistic efficacy of allantoin against commonly harmful agents that cause injuries to the stomach. To uncover the mechanisms regulating the allantoin-mediated gastroprotective effect, we evaluated anti-inflammatory, anti-oxidative, antisecretory, and cytoprotective pathways through histological and ultrastructural analysis.
Materials and methods

Chemicals and reagents
The following drugs and reagents were used: acetic acid, ethylenediamine tetraacetic acid (EDTA), ethanol, ethyl ether, formamide, hydrochloric acid, magnesium chloride (MgCl 2 ), sodium bicarbonate, sucrose (Vetec, Duque de Caxias, RJ, Brazil), glucose (Neon, São Paulo, SP, Brazil), hydrogen peroxide (H 2 O 2 ) (Dinamica, Diadema, SP, Brazil), ranitidine (Teuto, Anápolis, GO, Brazil), trichloroacetic acid (Synth, Diadema, SP, Brazil), TRIS (Life Technologies, NY, USA). 5-5′-dithiobis-2-nitrobenzoic acid (DTNB), Alcian blue, allantoin, carbenoxolone, Evans blue, glutathione, indomethacin, o-dianisidine hydrochloride, sodium azide were obtained from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Experimental animals
Female Albino Swiss mice, weighing 25-35 g (Central Animal House /UFG), were acclimatized under standard conditions of temperature (23 ± 1°C) and illumination (12 h light -dark cycles) with free access to food and water. Before each experiment the animals were fasted for 16 h, with free access to glucose water (5%). All of the animal protocols complied with the national and international laws about animal care and were approved by the Local Ethics Committee on Animal Research (protocol n. 064 /15).
Acute gastric ulcer models
Ethanol acidity
This gastric ulcer model was performed according to some adaptations of the method described by Mizui and Doteuchi (1983) . Mice were fasted for 16 h and were divided into a control lesion group (CL) treated with a vehicle (distilled water, 10 ml/kg) and treated groups that received per oral (p.o.) allantoin (15, 30, 60 , and 120 mg/kg) or carbenoxolone (200 mg/kg). 1 h after the treatment, animals received a solution of 0.45 M HCl/ 60% (v/v) ethanol (p.o.) , and they were killed 1 h later. The stomachs were photographed, and the ulcerated area was calculated in percentage (%) in relation to the total area of the stomach. The measurement was made in a blind manner using CAD Software.
NSAID
The gastric lesions were induced by indomethacin according to a methodology adapted from Djahanguri (1979) . Mice were fasted for 16 h and divided into a control lesion group (CL) treated with a vehicle (distilled water, 10 ml/kg, p.o.), and treated groups that received allantoin (60 mg/kg, p.o.), or carbenoxolone (100 mg/kg, p.o.). After 60 min, all groups received indomethacin (50 mg/kg) subcutaneous (s.c.) dissolved in 5% sodium bicarbonate in distilled water. 6 h after the indomethacin administration, the animals were killed; the stomach was removed for an examination of the lesions. The parameters for the determination of index of lesions were the color of the mucosa, loss of mucosal folds and mucus, edema, petechial, and the number of ulcers, as described by Martins et al. (2014) .
Cold restraint-stress
Stress was produced by a cold restraint of the animals, as proposed by Senay and Levine (1967) . Mice were fasted for 16 h and divided into a control lesion group (CL) treated with a vehicle (distilled water, 10 ml/kg, p.o.), and treated groups that received allantoin (60 mg/kg, p.o.), and ranitidine (50 mg/kg, p.o.). After 1 h, the animals were immobilized in a cold room at 4°C. 2 h later, they were killed, and the stomach was removed for a determination of the index of lesion, as described previously.
Ethanol-induced gastric ulcer
Gastric lesions were carried out according to an adaptation of the method suggested by Robert et al. (1979) . After a fasting period, mice were randomly divided into four groups. The control group without lesions (C) received only gavage, the second group received a vehicle (distilled water, 10 ml/kg, p.o.) (CL group), and the third and fourth groups received allantoin (60 mg/kg, p. o.) and carbenoxolone (200 mg/kg, p.o.), respectively, 60 min prior to the ethanol solution (75% v/v, 10 ml/kg, p. o.). 1 h after the ethanol administration, the animals were killed, and the stomach was removed and opened along the greater curvature. The stomachs were photographed for measurement of the ulcerated area, as described previously.
Pylorus ligature
Using the method described by Shay et al. (1945) with slight modifications, the gastric contents accumulated over 4 h were evaluated in terms of secreted volume, total acidity, and pH. Animals were fasted for 16 h, then were anesthetized, and pylorus ligature was performed. Immediately after the pylorus ligature, the mice intraduodenally (i.d.) received a vehicle (distilled water, 10 ml/kg) (CL group), allantoin (60 mg/kg), or ranitidine (50 mg/kg). The control group (C) was only submitted to the intraduodenal administration; the pylorus ligature was not carried out. 4 h later, the animals were sacrificed, the stomach was removed, and the luminal content was collected and centrifuged at 2000×g for 15 min. The total acid content of the gastric secretion was determined by titration to pH 7.0 with 0.01 N NaOH. The total concentration of acid was expressed as (mEq[H + ]/L/ 4 h). The stomach of each animal was used for the determination of glutathione (GSH) and gastric mucus levels, as described below.
Preparation of the homogenate of gastric tissues
After an ethanol-induced gastric ulcer was formed, stomach samples were weighed and used to determine the mucus content, vascular permeability, and levels of reduced glutathione (GSH). From another site of the experiment, the gastric mucosa were scraped off, weighed, and homogenized in a phosphate buffer (pH 7.4). The homogenized samples were centrifuged at 9000×g for 20 min at 4°C. The supernatants were used for the determination of prostaglandin E 2 (PGE 2 ), tumor necrosis factor-α (TNF-α), and interleukin-1 beta (IL-1β) levels, in addition to catalase (CAT) and myeloperoxidase (MPO) activities.
2.6. Assays of antioxidant activity 2.6.1. Determination of catalase activity
The method to determine the catalase (CAT) activity was based on the measurement of hydrogen peroxide consumption in the studied sample, as described by Chance and Oshino (1971) , with adaptations. The supernatant was collected as described in Section 2.5, and 2 μl was added to 191 μl of phosphate buffer. This mixture was read in the spectrophotometer, and 7 μl of hydrogen peroxide was added. The reaction was read at 240 nm for 2 min, and the data were expressed as the CAT activity/mg of proteins. The protein content was determined using bovine serum albumin as a standard, according to the method described by Bradford (1976) .
Determination of GSH levels
After ethanol-induced gastric ulcer or pylorus ligature, the GSH levels were measured based on the principle that DTNB can react with sulfhydryl compounds to generate a yellow complex (Sedlak and Lindsay, 1968) . Briefly, samples of the glandular region of the stomach were homogenized in 5 ml of EDTA (0.02 M). Aliquots of tissue homogenate (4 ml) were mixed with 3.2 ml of distilled water and 0.8 ml of trichloroacetic acid (50%), vortexed for 10 min, and centrifuged for 15 min at 3000×g. 4 ml of the TRIS buffer (0.4 M, pH 8.9) and 0.1 ml of DTNB (0.01 M) were added to 2 ml of supernatant. After 5 min of the DTNB addition, the reaction mixture was determined colorimetrically at 412 nm. The concentration of GSH was calculated through a calibration curve, and the results were expressed in μg of GSH/g of glandular tissue.
Assays of inflammatory parameters 2.7.1. Vascular permeability
The vascular permeability was measured by the Evans blue concentration in the mucosal tissue, according to adaptations of the Ukada et al. (1970) . 2 h prior to the drug administration, the animals received 200 μl of Evans blue (0.25%) by orbital plexus, and the ethanol-induced gastric ulcer was carried out. The ulcerated region of the stomach was sectioned, weighed, and incubated with 5 ml of formamide for 12 h. The samples were centrifuged at 3000×g for 10 min, and the absorbance of the supernatant was read at 612 nm. The Evans blue content was calculated using a standard curve of Evans blue, and the results were expressed in μg of Evans blue/g of tissue.
MPO activity measurement
The measurement of MPO activity was made to assess neutrophil infiltration. The supernatant was obtained as described in Section 2.5 and assayed for MPO activity using an adaptation of the protocol described by Bradley et al. (1982) . Aliquots of supernatant (40 μl) were added to 360 μl of the sodium phosphate buffer (pH 6.0), which contained 0.167 mg/ml o-dianisidine and 0.0005% H 2 O 2 , and it was incubated. After 15 min, the reaction was stopped with 30 μl of sodium azide (1%), and the absorbance at 460 nm was measured. One unit of MPO activity was defined as a change in absorbance of 1.0 per min, and the results were expressed as mU of MPO activity/ml.
Determination of cytokines levels
Gastric mucosal supernatants were used to estimate the levels of TNF-α and IL-1β, using mouse ELISA kits from affymetrix eBioscience (San Diego, CA, USA), according to the manufacturer's instructions.
Pathways of gastroprotection
Determination of adhered mucus to gastric wall
The adapted method of Corne et al. (1974) was used for the determination of gastric mucus. After ethanol-induced gastric ulcer or pylorus ligature were performed, a segment of the glandular region of the stomach was weighed and transferred to a test tube containing 6 ml of 0.1% Alcian blue. The segments were rinsed twice with 6 ml of sucrose (0.25 M and 0.16 M) for 15 and 45 min, and the mucus-dye complex was extracted with 5 ml of MgCl 2 (0.5 M) for 2 h. The dye extracted was mixed with an equal volume of ethyl ether and was centrifuged for 10 min at 300×g. The absorbance of the supernatant was measured at 598 nm. The concentration of Alcian blue was calculated through a calibration curve, and the results were expressed in μg of Alcian blue/g of glandular tissue.
Determination of PGE 2 levels
The tissues were weighed and homogenized in a phosphate buffer (0.1 M, pH 7.4) containing 1 mM EDTA and 10 μM indomethacin to 1 g of tissue. The homogenate was centrifuged, and the supernatant was processed for PGE 2 estimation using the enzyme immunosorbent assay kit (EIA Kit, Cayman Chemical Company, Item No. 514010), based on the protocols provided by the manufacturer.
Evaluation of the involvement of prostaglandins
An adaptation of the method described by Júnior et al. (2014) was used to perform the possible participation of prostaglandins in the gastroprotective effect of allantoin. The mice were randomly divided into groups to receive pretreatment with saline (0.9%, 10 ml/kg) or indomethacin (10 mg/kg) by the intraperitoneal route; 30 min later, oral treatment with a vehicle, allantoin, or carbenoxolone was made, as described by the following groups: Group 1: saline (0.9%, 10 ml/kg) + vehicle (10 ml/kg); Group 2: saline (0.9%, 10 ml/kg) + allantoin (60 mg/kg); Group 3: saline (0.9%, 10 ml/kg) + carbenoxolone (200 mg/kg); Group 4: indomethacin (10 mg/kg) + vehicle (10 ml/ kg); Group 5: indomethacin (10 mg/kg) + allantoin (60 mg/kg); Group 6: indomethacin (10 mg/kg) + carbenoxolone (200 mg/kg). 1 h after the treatment, the animals received a solution of 0.45 M HCl/ 60% (v/ v) ethanol (p.o.), and they were killed 30 min later. The stomachs were photographed, and the ulcerated area was calculated as described in Section 2.3.1.
Morphological, morphometric, and histopathological studies
After ethanol-induced gastric ulcer was performed, samples of the stomachs from five animals of each group (n = 5) were fixed in a Methacarn solution (methanol 60%, chloroform 30%, acetic acid 10%) for 4 h. The tissues were dehydrated in graded concentrations of ethanol, clarified in xylene, embedded in paraplast (Histosec, Merck, Darmstadt, Germany), and sectioned at 5 µm on a Leica microtome (Leica RM2155, Nussloch, Germany). For periodic acid-Schiff (PAS) staining, the sections were deparaffinized, rehydrated, and oxidized in periodic acid (0.5%) for 8 min. Thereafter, the sections were washed in distilled water, stained with Schiff's reagent for 15 min, and washed with 0.5% sodium metabisulfite and tap water, followed by hematoxylin counterstaining.
To perform the morphometric analysis, 100 measurements of the gastric mucosa of each group of mice (n = 5) were taken. These data refer to the thicknesses (µm) of the gastric mucosa.
The images were captured by a Zeiss Jenaval (Jena, Germany) microscope, and it was carried out the histopathological examination and the measurement of the thickness of the gastric mucosa using Image-Pro Plus software v6.1 for Windows (Media Cybernetics Inc., Silver Spring, MD, USA).
Transmission via electronic microscopy
After ethanol-induced gastric ulcer was performed, tissue fragments of the stomachs from three animals of each group (n = 3) were fixed in a mixture of 2.5% glutaraldehyde plus 0.2% picric acid in a 0.1 M sodium cacodylate buffer with a pH of 7.2 for 24 h under refrigeration. The fragments were washed twice in the 0.1 M sodium cacodylate buffer with a pH of 7.2 and post-fixed in 1% osmium tetroxide prepared in the 0.1 M sodium cacodylate buffer with a pH of 7.2 for 2 h at 25°C and with an absence of light. Following post-fixation, the fragments were washed twice with distilled water, for 5 min each, and were subjected to dehydration in graded concentrations of acetone. The dehydrated materials were pre-infiltrated on a mixture of Epon 812 resin/ acetone (1:1) at 25°C overnight and then embedded in pure Epon 812 resin at 37°C for 2 h and polymerized in an oven at 60°C for 48 h. The materials were cut into ultrathin sections (80 nm), followed by staining with 3% uranyl acetate and 3% lead citrate. Copper grids were examined with a JEM-2100 transmission electron microscope (Jeol, Akishima, Japan) equipped with EDS (Thermo Scientific, Waltham, EUA) in the Laboratório Multiusuário de Microscopia de Alta Resolução (LabMic/UFG).
Statistical analysis
The results were expressed as the mean ± standard error of the mean (S.E.M.). Statistical differences between two groups were detected by Student's t-test. When it was analyzed more than two groups it was used one-way analysis of variance (ANOVA), followed by the Newman-Keuls post-hoc test. Values of P < 0.05 were considered statistically significant. The data were analyzed using GraphPad Prism 5.0 software (San Diego, CA, USA).
Results
Effect of allantoin in ethanol acidity-induced gastric ulcer
In this model, the administration of ethanol acidity generated 67.08 ± 3.07% of the ulcerated area. A previous administration of allantoin at the minor dose (15 mg/kg) did not alter the percentage of the ulcerated area (61.38 ± 2.05%) when compared to the control group. However, the treatment with allantoin at 30, 60, and 120 mg/kg reduced the ulcerated area to 51.53 ± 4.67, 44.77 ± 5.04, and 43.18 ± 4.90%, respectively. The carbenoxolone (200 mg/kg) treated group reduced the ulcerated area to 31.77 ± 7.75%, as shown in Fig. 1. 
Effect of allantoin in NSAID and stress-induced gastric ulcer
The effect of allantoin at a dose of 60 mg/kg (p.o.) in gastric ulcer models induced by NSAID and stress are shown in Table 1 . In both indomethacin and cold-restraint-stress models, the administration of allantoin showed significant gastroprotection. Also, the drugs that were used as a positive control (carbenoxolone and ranitidine) showed a reduction in the index of lesion in the employed ulcer models.
Effect of allantoin in ethanol-induced gastric ulcer
The administration of an ethanol solution (75%, v/v) leads to 17.30 ± 3.07% of the ulcerated area (Fig. 2) . However, when the animals were pretreated with allantoin and carbenoxolone, the percentage of the ulcerated area was reduced by 57% and 65%, respectively.
Effect of allantoin in gastric acid secretion
The ligature of the pylorus increased the secreted volume, total acidity, and index of lesion. Also, this procedure decreased the pH, as observed for the control lesion group (CL) in Table 2 . However, when the mice received the intraduodenal administration of allantoin (60 mg/kg) and ranitidine (50 mg/kg), the pH was increased, and the volume, total acidity, and index of lesion were reduced.
3.5. Effect of allantoin in gastric mucosal antioxidant defenses Fig. 3 shows that the ethanol administration prejudices the antioxidant defenses, due to the decrease in catalase activity (Fig. 3A) and in GSH levels ( Fig. 3B and C) , as represented by the control lesion group (CL). Catalase activity was restored by the administration of allantoin and carbenoxolone, used as positive controls (Fig. 3A) . Accordingly, both oral (Fig. 3B) and intraduodenal (Fig. 3C ) administrations of allantoin preserved the glutathione levels in gastric mucosa, even in the presence of injurious agents. Results were expressed as Mean ± S.E.M. n = 9. * P < 0.05; ** P < 0.01; *** P < 0.001 when compared treated groups x CL group using one way ANOVA followed by Newman-Keuls as post-test or Student t-test when compared positive control × CL group. CL: control lesion group. 
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Effect of allantoin on inflammatory markers
The allantoin treatment leads to a reduction of 59% of the extravasation of proteins caused by ethanol solution (Fig. 4A) . Carbenoxolone, used as a positive control, decreased the Evans blue concentration by 83%. The activity of myeloperoxidase was significantly reduced (Fig. 4B) , which may be associated with the reduction in vascular permeability, neutrophil migration, or a direct inhibition of the enzyme. Fig. 5 shows that the ethanol administration promotes a marked increase in the levels of pro-inflammatory cytokines TNF-α (Fig. 5A ) and IL-1β (Fig. 5B ) in gastric tissue. On the other hand, the oral administration of allantoin and carbenoxolone could attenuate an increase in cytokines levels in the stomach of the animals. (Fig. 6A ) and the pylorus ligature (Fig. 6B ) promoted a marked loss in the gastric mucus content, as represented by the CL group. However, the oral (Fig. 6A) or intraduodenal (Fig. 6B) administrations of allantoin and carbenoxolone prevented the loss of this important gastric defense barrier.
Effect of allantoin in gastric defense parameters
The administration of ethanol in the stomach revealed a significant impairment in PGE 2 levels, as represented by the CL group (Fig. 7) . The oral administration of allantoin and carbenoxolone preserved the PGE 2 levels, even in the presence of the harmful agent ethanol.
The influence of prostaglandins on the gastroprotective effect of allantoin was confirmed in Fig. 8 . When the mice received saline before the treatment with allantoin, they showed a decrease in the ulcerated area. However, when the animals were treated with indomethacin before the treatment with allantoin, the gastroprotective effect was completely lost. Similar results were obtained with carbenoxolone used as a positive control.
Morphological and morphometric analysis
In the control group (Fig. 9A, B and C) , the normal structure of gastric mucosa is observed, as is the great presence of PAS positive cells (arrowhead, Fig. 9A ). After exposure to the ethanol solution (75%, v/v), the morphology and morphometry of the gastric tissue of mice (Fig. 9D , E, and F) was completely altered. In the CL group, the alterations can be seen from the mucosal surface through the intense loss of epithelial cells (arrowhead, Fig. 9D ), which led to a 25% decrease in mucosal thickness (Fig. 10) . Furthermore, the treatment with ethanol (75%, v/v) revealed the presence of edema in the submucosa layer (e, Fig. 9D ), inflammatory cell infiltrate (Fig. 9D) , and an increased incidence of blood vessels (bl, Fig. 9D ). The absence of PAS cells in the CL group was also observed, indicating a loss of the gastric mucus barrier (Fig. 9D, E  and F) .
The oral administration of allantoin prevented the injuries induced by ethanol. There was an arrangement of the tissue elements of the gastric mucosa in a regular and homogeneous layer. When compared to the CL group, allantoin reduced the inflammatory process through a decrease in edema formation, inflammatory cell infiltrate, and A and B: glutathione (GSH) levels and C: catalase (CAT) activity in mice. Results were expressed as Mean ± S.E.M. n = 8. Data were analyzed by one way ANOVA followed by Newman-Keuls as post-test. * P < 0.05; ** P < 0.01 and *** P < 0.001 compared with control group (C). ## P < 0.01 and ### P < 0.001 compared with control lesion group (CL).
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incidence of blood vessels. Also, the treatment with allantoin prevented the loss of the gastric mucus barrier, as was shown by the presence of PAS positive cells in Fig. 9G (arrowhead) , H, and I. Allantoin but not carbenoxolone prevented the reduction of mucosal thickness, as is shown in Fig. 10 . However, the carbenoxolone treatment revealed the presence of a magenta color in gastric epithelial cells (arrowhead, Fig. 9J ), indicating the preservation of the gastric mucus barrier (Fig. 9J , K, and L).
Ultrastructural analyses
In the control group, the normal morphology of cells located in the glands of the fundic mucosa was recorded ( Fig. 11A and B) . The presence of the canaliculi (black arrows, Fig. 11A ), responsible for the secretion of hydrochloric acid by the parietal cells (P, Fig. 11A ), was observed. Fig. 11B shows the superficial epithelial cells (E), organized in vertical tubular structures consisting of an apical region with a high amount of secretory vesicles (SV), which secrete mucus (black arrow) on the gastric lumen.
The ethanol-treated group revealed a focal ulceration through a loss of adhesion between superficial epithelial cells (E, Fig. 11C ) and cell desquamation (black arrow, Fig. 11C ). Furthermore, the presence of neutrophil (N, Fig. 11D ) was seen, and the morphology of the parietal cells (P, Fig. 11D ) was altered by the massively amplified surface of the canaliculi (black arrow, Fig. 11D ).
In the allantoin-treated group, we found a high incidence of secretory vesicles containing mucus (SV, Fig. 12A ) in the superficial epithelial cells. The presence of microvilli (M, Fig. 12B ) in these cells revealed the intact integrity of gastric tissue due to treatment with allantoin. Furthermore, allantoin maintained the normal morphology of the canaliculi (black arrows, Fig. 12C ) of the parietal cells.
With regard to carbenoxolone, we observed a great amount of mucus (black arrows, Fig. 12D ) present on the gastric luminal face. However, morphological changes were seen in the parietal cells as a result of the amplification of canaliculi (black arrows, Fig. 12E ).
Discussion
The present study investigated the gastroprotective potential of allantoin in different gastric injury models and provides significant novel insights into the molecular mechanisms of this effect. The results indicate that allantoin can significantly protect the gastric mucosa of mice from commonly harmful agents through antioxidant, anti-inflammatory, and antisecretory mechanisms and by the preservation of mucus and the PGE 2 content.
Firstly, the ethanol-acidity-induced ulcer model was used to evaluate the possible gastroprotective activity of this compound. It is a high sensitive model for identifying compounds with gastroprotective activity, since it generates an increase in aggressive factors and a decrease in defensive parameters, and it provides results with a clear interpretation (ulcerated area). In this model, at doses of 30, 60, and 120 mg/kg, allantoin showed a reduction of the ulcerated area, but a clear dose-effect relationship was not seen. Nevertheless, a dose of 60 mg/kg was selected for further experiments, as it was shown to be the suggestive dose of maximal effect.
A stressful life, NSAID, and alcohol consumption have all been shown to contribute to PUD in the world (Yuan et al., 2006; Mustafa et al., 2015) . These agents promote gastric damage, mainly by an inflammatory and oxidative process (Kwiecień et al., 2015; Amirshahrokhi and Khalili, 2015) . Furthermore, tissue necrosis and the reduction of local blood flow play an important role in the inflammatory site, caused by ethanol, which is well characterized by cellular infiltration, the presence of subepithelial hemorrhage, and edema in the submucosal layer (Kawano and Tsuji, 2000; Siegmund Fig. 4 . Effect of Allantoin (60 mg/kg, p.o.) and Carbenoxolone (200 mg/kg, p.o.) on the vascular permeability (A) and myeloperoxidase activity (B) on ethanol induced gastric ulcer in mice. Results were expressed as Mean ± S.E.M. n = 6. Data were analyzed by one way ANOVA followed by NewmanKeuls as post-test. # P < 0.05; ## P < 0.01 and ### P < 0.001 compared with vehicle + ethanol group. Fig. 5 . Effect of allantoin on ethanol-induced changes in pro-inflammatory cytokines: TNF-α and IL-1β levels. Results were expressed as Mean ± S.E.M. n = 7. Data were analyzed by one way ANOVA followed by Student-Newman-Keuls as post-test. * P < 0.05 and *** P < 0.001 compared with control group (C).
# P < 0.05 and ### P < 0.001 compared with control lesion group (CL).
D.M. da Silva et al. European Journal of Pharmacology 821 (2018 ) 68-78 et al., 2005 . In addition, the gastric lesion promoted by ethanol is characterized by the loss of important defensive factors, such as a decrease in the activity of antioxidant enzymes and the removal of the gastric mucus barrier (Guslandi, 1987) . Treatment with allantoin at a dose of 60 mg/kg showed significant gastroprotection against stress, NSAID, and ethanol. Considering that the gastric lesion promoted by these harmful agents is of multiple origins, it is appropriate to assess whether the studied compound could attenuate aggressive factors and also act by increasing protective factors. Allantoin treatment attenuated gastric acid secretion in the pylorus ligature method, revealing the systemic antisecretory property of this compound.
Considering that allantoin showed a gastroprotective effect in models of intense oxidative stress, we evaluated whether this compound could modulate antioxidant defenses to promote its pharmacological effect in gastric tissue. In this way, the ethanol-induced-ulcer model was used for this assessment once this agent led to high oxidative stress at the lesion site (Suzuki et al., 2012) .
In the current study, ethanol administration impaired CAT activity and the GSH levels, indicating the presence of oxidative stress in the gastric lumen. The decrease in catalase activity can be attributed to the excessive generation of these radicals, which leads to a high consumption of this enzyme to scavenge them. The depletion of glutathione levels after an acute administration of ethanol is in accordance with previous works (Büyükokuroğlu et al., 2002; Almasaudi et al., 2016) and is probably due an increase in the formation of lipid peroxides, favoring the consumption of GSH and its oxidation to GSSG by glutathione peroxidase (Yoshikawa et al., 1997) .
Allantoin pretreatment prevented the depletion of GSH and restored the catalase activity. Previous work indicates the capacity of allantoin to interact with free radicals, suggesting that this compound behaves as a potent antioxidant in its reactions with reactive oxygen species (Gus'kov et al., 2002) . Correlating the data with those obtained in the present study, it can be suggested that the capacity of allantoin per se to scavenge reactive oxygen species resulted in a greater preservation of the antioxidant defenses contributing as an antioxidant pathway of gastroprotection. Furthermore, is important to note that the GSH levels were also preserved after the intraduodenal administration of allantoin. This data indicate that allantoin does not only have a local antioxidant effect, but it also has a systemic effect that contributes to the preservation of antioxidant defenses.
The main source of reactive oxygen species in the lesion site is due the presence of inflammatory cell infiltrate (Mittal et al., 2014) . In mice pretreated with allantoin, a reduction occurred in the extravasation of proteins at the lesion site, represented by the reduction in the Evans blue content. This result shows that, among allantoin gastroprotective pathways, there is a vascular protection that contributes with an antihemorrhagic effect. There was also a reduction in the MPO activity in animals treated with allantoin, but with the data obtained here, we cannot distinguish whether the decrease in the MPO activity is a consequence of a reduction in neutrophil migration or a direct inhibitory action of allantoin on this enzyme. Regardless, the data regarding the reduction in the extravasation of proteins and in MPO activity suggest that these effects are substantially contributing to the attenuation of inflammation.
Moreover, the resolution of the inflammatory process by allantoin was also correlated with a decrease in cytokines in the gastric mucosal tissue. Pro-inflammatory cytokines, such as TNF-α and IL-1β, create a cytokine network, maintaining the inflammatory process and Fig. 6 . Effect of Allantoin (60 mg/kg) and Carbenoxolone (200 mg/kg) after oral (A) and intraduodenal (B) administration on the gastric mucus content. Results were expressed as Mean ± S.E.M. n = 9. Data were analyzed by one way ANOVA followed by Newman-Keuls as post-test. ** P < 0.01 compared with control group (C).
## P < 0.01; ### P < 0.001 compared with control lesion group (CL). Fig. 7 . Effect of allantoin and carbenoxolone in gastric mucosal prostaglandin (PGE 2 ). Results were expressed as Mean ± S.E.M. n = 8. Data were analyzed by one way ANOVA followed by Newman-Keuls as post-test. * P < 0.05 compared with control group (C). # P < 0.05; ## P < 0.01 compared with control lesion group (CL). Fig. 8 . Effect of allantoin and carbenoxolone after pretreatment with saline or indomethacin. Results were expressed as Mean ± S.E.M. n = 8. Data were analyzed by Student's t-test. * P < 0.05; *** P < 0.001 compared with control group (S+V).
accelerating the degree of the lesion installed (Watanabe et al., 1997) . The presence of TNF-α leads to cell proliferation and apoptosis, leading to tissue necrosis (Slomiany et al., 1997a) , and IL-1β is involved in the gastric ulcer's severity and recurrence (Watanabe et al., 1997) . The increased levels of TNF-α and IL-1β by ethanol are in accordance with previous studies that indicate that ethanol (75%) significantly increased the mucosal expression of mRNA for IL-1β and TNF-α (Warzecha et al., 2014) , and its effect is probably due to the activation of macrophage during tissue injury (Parameswaran and Patial, 2010) . The effect of allantoin under the TNF-α levels is probably due to the alterations in PGE 2 levels, since the synthesis of this cytokine is inhibited by prostaglandins (Stafford and Marnett, 2008) . Besides the cytokine network promoted by ethanol, there is also a loss of important defensive mechanisms, including the gastric mucus barrier. Ethanol promoted an intense withdrawal of the gastric mucus barrier in the mucosa of the animals, similar to results of previous studies (Sidahmed et al., 2013) . Ethanol inhibits the synthesis, transport, and processing of gastric mucus glycoproteins; these processes occur in different intracellular compartments and give rise to a dramatic decrease in the delivery of mucus glycoproteins to the gastric epithelial surfaces (Slomiany et al., 1997b) . Firstly, we performed the oral administration of allantoin and saw a great preservation of the mucus, making us suspect a possible local-barrier effect produced by allantoin. So we performed an intraduodenal administration and discarded this hypothesis because the preservation of the gastric mucus continued to be seen.
Knowing that prostaglandins, mainly PGE 2 , have a crucial role in inducing gastric mucus production, we investigated whether the conservation of mucus could be a result of prostaglandin modulation (Takeuchi, 2010) . The quantification of PGE 2 in gastric tissue showed that the administration of ethanol led to a decrease in PGE 2 levels, but a previous administration of allantoin preserved the PGE 2 content. Thus, it is possible to infer that the bioavailability of PGs in gastric tissue is crucial for the gastroprotection of this compound, providing a gastric cytoprotection pathway that is probably the one that justifies the mucus production seen in previous results. In addition to supporting the results on gastric mucus fixation, the data on PGE 2 levels also support the antisecretory activity of allantoin. The involvement of prostaglandins was confirmed once the gastroprotective effect of allantoin was completely lost when the mice were pretreated with indomethacin. The current result provides evidence that the blockade of cyclooxygenase by indomethacin with a consequent decrease in the synthesis of PGs prejudices the allantoin to exert its gastroprotective role.
The histological and ultrastructural evaluation showed that ethanol promoted a marked withdrawal of the gastric mucus barrier, in addition to a loss in tissue epithelium, as was seen in previous studies (Rahim et al., 2014) . Tissue degradation by ethanol resulted in a marked reduction in the gastric mucosal thickness, which is probably due to the loss of the superficial epithelial cells. Allantoin, in addition to preserving mucus, also attenuated the loss of epithelial thickness, indicating that other pharmacological targets besides the mucus barrier as antiinflammatory, anti-oxidative, and antisecretory can contribute to Fig. 10 . Thickness of the gastric mucosa of mice (μm). The results were expressed as Mean ± S.E.M. n = 100. Data were analyzed by one way ANOVA followed by StudentNewman-Keuls as post-test. *** P < 0.001 compared with control group (C).
# P < 0.05; ## P < 0.01 compared with control lesion group (CL). maintain the gastric integrity seen in the ultrastructural features.
Ultrastructural features showed a morphological alteration in the parietal cells in the ethanol-treated group by an amplified surface area of the canaliculi. Di Mario and Gonni (2014) postulated that when the parietal cells are stimulated, the surface area of the canaliculi can amplify by a factor of fivefold to tenfold. However, the impact of the morphological changes of the canaliculi observed in the present study on gastric acid secretion still need to be investigated. The previous administration of allantoin but not carbenoxolone attenuated the structural changes in the canaliculi of these cells. Treatment with allantoin leads the cell to remain with its morphology intact. These morphological insights are in accordance with the biochemical data on pylorus ligature that revealed a reduction in all parameters of gastric acid secretion in the allantoin-treated group.
Conclusions
In conclusion, these findings provide evidence of the gastroprotective activity of allantoin against common agents that attack the gastric mucosa, such as stress, NSAID, and ethanol. These beneficial effects are associated with its reduction of the inflammatory process and the ability of allantoin to restore enzymatic and nonenzymatic antioxidant pathways. The antisecretory and cytoprotective mechanisms are probably associated with an increase in PGE 2 levels.
